This work is devoted for gauge boson sector of the recently proposed model based on SU(3) C ⊗ SU(3) L ⊗ U(1) X group with minimal content of leptons and Higgses. The limits on the masses of the bilepton gauge bosons and on the mixing angle among the neutral ones are deduced. Using the Fritzsch anzats on quark mixing, we show that the third family of quarks should be different from the first two. We obtain a lower bound on mass of the new heavy neutral gauge boson as 6.051 TeV. Using data on branching decay rates of the Z boson, we can fix the limit to the Z and Z ′ mixing angle φ as −0.001 ≤ φ ≤ 0.0003.
Introduction
The experimental evidences of nonzero neutrino masses and mixing [1] have shown that the standard model (SM) of fundamental particles and interactions must be extended. Among many extensions of the SM known today, the models based on gauge symmetry SU(3) C ⊗SU(3) L ⊗U(1) X (called 3-3-1 models) [2, 3] has interesting features. First, [SU(3) L ] 3 anomaly cancelation requires that the number of SU(3) L fermion triplets must equal to that of antitriplets. If these multiplets are respectively enlarged from those of the SM, the fermion family number is deduced to be a multiple of the fundamental color number, which is three, coinciding with the observation. In addition, one family of quarks has to transform under SU(3) L differently from the other two. This can lead to an explanation why the top quark is uncharacteristically heavy.
One of the weaknesses of the mentioned 3-3-1 models that reduces their predictive possibility is a plenty or complication in the scalar sectors. The attempt on this direction to realize simpler scalar sectors has recently been constructed 3-3-1 model with minimal Higgs sector called the economical 3-3-1 model [4, 5] . The 3-3-1 model with minimal content of fermions and Higgs sector (called the reduced minimal (RM) 3-3-1 model) has also been constructed in [6] .
The aim of this work is presented in details the recently proposed model with focus on gauge boson sector, and correct some misprints in the original work [6] . The article is organized as follows: In section 2, we review the basics of the reduced minimal 3-3-1 model. Section 3 is devoted for the Higgs sector. In section 4, we give more details on gauge bosons: their masses and mixing. Fermion masses and Yukawa interactions (with some corrections) are given in section 5. The charged and neutral currents are presented in section 6, and using the obtained results we get the constraints on masses of the new neutral Z ′ gauge boson in section 7. Section 8 is devoted for the Z decay, from which the limit on Z − Z ′ mixing angle φ is derived. In the last section, we summarize our main results.
Particle content
The fermion content of the model under consideration is the same as in the minimal 3-3-1 model [2, 6] . The left-handed leptons and quarks transform under the SU(3) L gauge group as the triplets 
The charge operator is defined by
where λ 3 and λ 8 are the diagonal Gell-Mann matrices. Note that for antitriplet, we have to replace the Gell-mann matrix byλ = −λ * .
The scalar sector contains only two Higgs scalar triplets [6] 
This minimal content of Higgs sector is enough to break the symmetry spontaneously and generate the masses of fermions and gauge bosons in the model [6] . The neutral scalar fields develop the vacuum expectation values (VEVs)
, with v ρ = 246 GeV.
The pattern of symmetry breaking is
and so, we can expect
Since lepton and antilepton were put in the same triplet, therefore in the model under consideration, lepton number is not conserved. It is better to work with a new conserved charge L commuting with the gauge symmetry [7, 8] and related to the ordinary lepton number by diagonal matrices L =
Another useful conserved charge B is usual baryon number [8] B = BI. These numbers are given [7, 8] in the Table 1   Table 1 : B and L charges for multiplets in the RM 331 model. In Table 2 , we list particles with non-zero lepton number Table 2 shows that the exotic Table 2 : Nonzero lepton number L of fields in the RM 331 model .
quarks carry lepton number two. Hence they are bilepton quarks.
Higgs potential
The most general renormalizable scalar potential is given by [6] V (χ, ρ) = µ This potential is the simplest one since the number of free parameters is reduced from, at least, thirteen to only six.
Expansion of ρ 0 and χ 0 around their VEVs is usually
Substituting the expansion in (3.2) to the above potential we obtain the following set of minimum constraint equations [6] 
This potential immediately gives us two charged Goldstones bosons ρ ± and χ ± which are eaten by the gauge bosons W ± and V ± .
In the doubly charged scalars, the mass matrix in the basis (χ ++ , ρ ++ ) is given by
This matrix has the following squared mass eigenvalues 5) where the corresponding eigenstates are
In the neutral scalar sector, in the basis (R χ , R ρ ), the mass matrix takes the following form
This matrix gives us two eigenvalues
where t ≡ vρ vχ
The corresponding eigenvectors are
Let us resume content of the Higgs sector: the physical scalar spectrum of the RM331 model is composed by a doubly charged scalar h ++ and two neutral scalars h 1 and h 2 . Since the lightest neutral field, h 1 , is basically a SU(2) L component in the linear combination as in Eq. (3.11), we identify it as the standard Higgs boson. Thus
Note that h −− carries lepton number two. Hence, it is scalar bilepton.
Gauge bosons
The masses of gauge bosons appear in the Lagrangian part
where
with λ 9 = 2 3 diag(1, 1, 1) so that Tr(λ 9 λ 9 ) = 2. The coupling constants of SU(3) L and U(1) X satisfy the following relation
where we have used the notations c W = cos θ W , s W = sin θ W , t W = tan θ W with θ W being the Weinberg mixing angle. Substitution of the expansion in the Eq. (3.2) into (4.1) leads to the following result: The eigenstates of the charged gauge bosons and their respective masses are given by
From (4.4), it follows that v ρ = 246 GeV. Note that there is mass splitting of the charged gauge bosons
The covariant derivative of the lepton triplets is
while for the anti-triplets we have
In the neutral gauge boson sector, with the basis (A 3 µ , A 8 µ , B µ ), mass matrix is given by
where κ = g X g
. We can easily identify the photon field A µ as well as the massive bosons Z and Z ′ [9]
and
where the mass-squared matrix for {Z, Z ′ } is given by
with
Diagonalizing the mass matrix gives the mass eigenstates Z 1 and Z 2 which can be taken as mixtures,
The mixing angle φ is given by
where M Z 1 and M Z 2 are the physical mass eigenvalues
From the symmetry breaking hierarchy, v χ ≫ v ρ , we obtain the lower mass bound of
For practical calculations, it is useful the following relations
Trilinear and quartic interactions of the gauge bosons are the same as in Ref. [10] Using data on the wrong muon decay [1] Br(µ → e + ν e +ν µ ) < 1.2 % at 90% CL (4.20)
we get a lower limit on singly charged bilepton gauge boson as follows (see, the last reference in [3] )
This means that the model works in quite lower energy limit available for example such as the CERN LHC.
Fermion masses
As in the original minimal version, in this model, the singlet right-handed lepton does not exist. Thus, the fermion masses are due to effective operators. The appropriate sources of mass for each fermion in the model are: the Yukawa couplings give the exotic quark masses
When the χ field develops its VEV, these couplings lead to the mass matrix in the basis (T , D 2 , D 3 ),
which, after diagonalization, leads to mass eigenvalues at v χ around few TeV scale [6] .
For the ordinary quarks, their masses come from both renormalizable Yukawa interactions and specific effective dimension-five operators given by
In the basis (u 1 , u 2 , u 3 ), the up-type quarks mass matrix is given by
For down quark sector, the relevant Yukawa interactions are
Thus, in the basis (d 1 , d 2 , d 3 ), the mass matrix for the down-type quarks is
It was shown that as the minimal version, this model is perturbatively reliable at the scale around Λ = 4−5 TeV [11] . In the model under consideration, there are 18 free Yukawa couplings to generate masses for 6 quarks only. For a naive analysis [6] , we just take the diagonal case where With a scale Λ ∼ 4 − 5 TeV, to guarantee the proton stability, as in Ref. [12] , a discrete Z 2 symmetry over the quark fields
should be imposed.
The following effective five-dimension operator will generate masses for the charged leptons [6] 
From (5.8), it follows the interaction
which is responsible for lepton-number violating decay of h −− to two charged leptons. This would be a specific character of the model. Generation for correct neutrino mass, in this model, is still open question [6] .
6
Charged and neutral currents
The interactions among the gauge bosons and fermions are read off from
where R represents any right-handed singlet and L any left-handed triplet or antitriplet.
The interactions among the charged vector fields with leptons are [6] 
with V For the quarks we have
L is the CKM mixing matrix. One assumes that the exotic quarks come in a diagonal basis.
We can see that the interactions with the V + and U ++ bosons violate the lepton number (see Eq. (6.2)) and the weak isospin (see Eq. (6.3)).
The electromagnetic current for fermions is the usual one
where f is any fermion with Q f = 0, −1, 2/3, −1/3, 5/3, −4/3 and the electromagnetic coupling constant e is identified as follows
The neutral current interactions can be written in the form
The couplings of fermions with Z 1 and Z 2 bosons are given as follows
where T 3 (f ) and Q(f ) are, respectively, the third component of the weak isospin and the charge of the fermion f . Note that for the exotic quarks, the weak isospin is equal to zero. Eqs. (6.7) are valid for both left-and right-handed currents. Since the value of X is different for triplets and antitriplets, the Z 2 coupling to left-handed ordinary quarks is different for the first family, and thus flavor changing.
We can also express the neutral current interactions of Eq. (6.6) in terms of the vector and axial-vector couplings as follows
The values of these couplings are
where we have used Q(f R ) = X(f R ) for the singlets. The values of g 1V , g 1A and g 2V , g 2A are listed in Tables 3, where the first generation is assumed to belong to the triplet. However, to get some indication as to why the top quark is so heavy, we have to treat the third generation differently from the first two as in Refs [2] and [13] .
We can realize that in the limit φ = 0 the couplings to Z 1 of the ordinary leptons and quarks are the same as in the SM. Furthermore, the electric charge defined in Eq. (6.5) agrees with the SM. Because of this, we can test the new phenomenology beyond the SM. 
In the model under consideration, the interactions with the heavy charged vector bosons V + , U ++ violate the lepton number and the weak isospin. Because of the mixing, the mass eigenstate Z 1 now picks up flavor-changing couplings proportional to sin φ. However, since Z − Z ′ mixing is constrained to be very small, evidence of FCNC's in the 3-3-1 model can only be probed indirectly at present via the Z 2 couplings.
7
Flavor-changing neutral currents and mass difference of the neutral meson systems
Let us consider the effective Lagrangian [13, 14] 
From (7.1) it is straightforward to get the mass difference [14] ′ mixing angle φ was bounded and to be [9, 15] : |φ| ≤ 10 −3 (see also below). Hence if M Z 2 is in order of one hundred TeV, the Z − Z ′ mixing has to be taken into account.
In the usual case, the Z − Z ′ mixing is constrained to be very small, it can be safely neglected. Therefore FCNC's occur only via Z 2 couplings. For the shorthand, hereafter we rename Z 1 to be Z and Z 2 to be Z ′ .
Since it is generally recognized that the most stringent limit from ∆m K , we shall mainly discuss this quantity. We use the experimental values 1 [1] presented in Table 4 Following the idea of Gaillard and Lee [16] , it is reasonable to expect that Z ′ exchange contributes a ∆m no larger than observed values. Substituting Table 4 into (7.2) we get
From the present experimental data we cannot get the constraint on V U,D Lij . These matrix elemetns are only constrainted by the Cabibbo-Kobayashi-Maskawa matrix. However, it would seem more natural, if Higgs scalars are associated with fermion generations, to have the choice of nondiagonal elements depends on the fields to which the Higgs scalars couple. By this way, the simple Fritzsch [17] scheme gives us
In the model under consideration, the first quark family transforms differently. The quark mass eigenstate are U = (u, c, t)
T and D = (d, s, b) T . In other models, the third family transforms differently so the value of ∆m P will be differently and the quark mass eigenstate are U = (t, u, c)
Combining (7.3), and (7.6) we get the following bounds on M Z ′ : There are many ways to get constraints on the mixing angle φ and the Z 2 mass. Below we present a simple one. A constraint on the Z − Z ′ mixing can be followed from the Z data. Hence we now calculate the Z width in this model.
The decay width of the Z boson is described by [18, 19, 20] Γ(ff ) = Thus, both limits of the mixing angle in (8.8) and in (8.10) are consistent: |φ| ≤ 10 −3 . This limit is adapted to the condition in the previous section.
Summary
In this paper, we have presented the reduced minimal 3-3-1 model (RM 331) with most economical particle content. Some misprints in the original version of the RM 331 model were corrected.
The limits on the masses of the bilepton gauge bosons and on the mixing angle among the neutral ones were deduced.
We have studied the FCNC's in the RM 331 model arisen from the family discrimination in this model. This gives a reason to conclude that the third family should be treated differently from the first two. In this sense, the ∆m K gives us the lower bound on M Z ′ as 6.051 TeV.
From the data on branching decay rates of the Z boson, the Z and Z ′ mixing angle φ lies at −0.001 ≤ φ ≤ 0.0003.
Due to the simplicity of Higgs sector, number of the model's free parameters is strongly reduced and that increases the predicability. However, the price of Higgs simplicity is that there are non-renormalizable effective operators. In addition, a problem on neutrino masses is still an open question. We hope to return to this stuff in the near future.
